Background. Cardiac output (CO) cannot reliably be estimated by clinical examination. We aimed to measure the agreement between CO measurements using a supra-sternal Doppler monitor (USCOM, Coffs Harbour, Australia) and the pulmonary artery catheter (PAC).
There are numerous reports in the medical literature of our inability to determine the state of a patient's central haemodynamics from vital signs alone. 1 2 However, vital signs remain the standard of care in treating critically ill patients.
It has been demonstrated that early invasive monitoring [e.g. pulmonary artery catheter (PAC)] can identify occult shock, 3 but invasive monitoring is not commonly used in the emergency department (ED). This may be due to its time-consuming nature, the controversy over its safety, 4 and the fact that its data are not always well understood or appropriately acted upon. 5 Coefficient Systems P/L have developed the USCOM w monitor, a non-invasive, continuous wave Doppler monitor that measures cardiac output (CO) with a probe applied suprasternally or to the left sternal edge. A nomogram incorporated into the software estimates the valve cross-sectional area, so that the CO can be calculated from the measured flow across the aortic or pulmonary valve. It is easy to use, without adverse impact on the patient, and commercially available. Clinical use of the USCOM monitor has been described in settings as diverse as helicopter retrieval services 6 and cardiac resynchronization therapy. 7 The reliability of the USCOM CO readings has been reported twice. Dey and Sprivulis 8 reported that ED physicians with no prior ultrasound experience could be trained to obtain reliable CO measurements over the course of 20 patient assessments. They reported an inter-assessor correlation (r) of 0.96. More recently, Nguyen 9 reported an inter-assessor correlation (r 2 ) of 0.87. Their team of assessors included emergency physicians and trainees, medical students, nurses, and technicians.
The accuracy of the CO readings has been assessed by comparison with the PAC on several occasions. Supra-sternal Doppler has been shown to be generally unbiased and to have 95% limits of agreement (LOA) that vary between +1.08 and +3.14 litre min
21
. 10 11 However, these studies were limited by relatively small sample sizes and, therefore, a lack of precision in estimated agreement and LOA. Percentage error as described by Critchley and Critchley 12 has also not previously been reported. The aim of this study was to assess the levels of agreement between the supra-sternal Doppler CO monitor and the PAC in the intensive care unit (ICU) environment. We hypothesized that these methods of CO measurement would be comparable. Two investigators (O.T. and R.E.W.) were trained in the use of the supra-sternal Doppler monitor by representatives of the company. Consistent with the findings of Dey and Sprivulis, 8 each undertook in excess of 20 examinations before commencement of data collection. There was good reproducibility between the two data collectors with r¼0.88. One hundred CO curves were scored independently according to the Fremantle criteria (Table 1 ) with a correlation coefficient of r¼0.74.
Methods
All patients in the ICU were eligible for enrolment if they were aged 18 yr or more and had a PAC placed for clinical reasons. Participants from all diagnostic categories were included. Participants were enrolled if CO measurement using the PAC occurred when the investigators were present. Participants were excluded if the investigators were unable to obtain supra-sternal Doppler CO on two occasions.
ICU staff notified the investigators of their intention to obtain a clinically indicated PAC CO reading. This was done according to standardized protocols using the Edwards 834HF75 bolus thermodilution PAC. At the time of the PAC measurement, the investigators obtained supra-sternal Doppler CO measurements. In line with the manufacturer's recommendations, three measurements in sinus rhythm and seven in atrial fibrillation were taken, and the mean was calculated. The CO values used were the mean of three consecutive supra-sternal Doppler readings for patients with a sinus rhythm and seven for atrial fibrillation. This is in line with manufacturer's recommendations. For the PAC, the mean of three thermodilution curves with acceptable form and values within 10% of each other was used. The investigators decided to use either the aortic or the pulmonary valve according to the best acoustic signal achievable. The guidelines for this are shown in Table 1 .
The ICU staff and investigators were blinded to each other's results. This process was repeated each time a patient required a CO reading during a period when an investigator was available. Consequently, a variable number of CO readings were obtained per patient.
The sample size (250) was calculated for an equivalence trial. 13 The range of equivalence was set at +0.5 litre min 21 and LOA of +1.55 litre min 21 were obtained from previous studies. The calculation assumed a two-sided significance of 0.05 and a power of 0.9.
Multiple comparisons from single patients were assumed to be independent. Bias was defined as the mean of the supra-sternal Doppler -PAC differences, that is, the mean of the differences between each data pair. Paired t-tests were used to calculate bias and assess its statistical significance. 95% LOA reflect the 'typical' range of disagreement between the two methods and were calculated as +1.96 times the standard deviation (SD) of the differences between the data pairs. Intraclass correlations (ICCs) were calculated from the variance components of mixed models estimated by maximum likelihood with pair as a random effect.
These three analyses were repeated on a second random set of data which comprised independent data pairs obtained by selecting at random one supra-sternal Doppler -PAC pair from each patient.
The percentage difference between each pair of data was calculated in order to allow for the relationship between the size of the measured difference and the magnitude of the CO measurements. 12 Similarly, where multiple data pairs were taken from a patient, the ability to track changes in CO was measured by comparing the magnitude of the change ( percentage) and the direction. 14 Stata statistical package Version 9 was used for all analyses. 
Results
Ninety-four patients were enrolled. We were unable to obtain an USCOM monitor signal on 14 occasions. Five patients were excluded due to an inability to obtain a CO reading with the supra-sternal Doppler. Three patients went on to have successful readings after an initial failure. Overall, 89 patients contributing 250 paired readingsmedian readings per patient 3 (range 1 -9). The CO values used were the mean of three consecutive supra-sternal Doppler readings for patients with a sinus rhythm and seven for atrial fibrillation, and the mean of three thermodilution curves with acceptable form and values within 10% of each other for the PAC.
The patients' characteristics, diagnoses, and co-morbidity are presented in Tables 2 and 3 . Male patients predominated and most patients were elderly. Eighty-four subjects were cardiothoracic surgical patients.
For the 250 paired readings, mean CO was 5. The Bland and Altman plot for all 250 comparisons is presented in Figure 1 . This displays the difference between paired readings with LOA marked.
Given that multiple pairs of data from a single patient are not independent events, a second random set of one data pair from each patient was analysed. This secondary analysis yielded similar results to the primary with the bias of 20.09 litre min 21 , LOA +2.93 litre min
21
, and ICC of 0.56.
Results for patients who were intubated, extubated, in atrial fibrillation, and those who had undergone aortic valve replacement are also presented in Table 4 . There were only five observations in patients with atrial fibrillation and we did not record variability between the individual PAC or supra-sternal Doppler readings taken to generate the mean values reported. Fifty data pairs were obtained in patients who had undergone aortic or mitral valve replacement. The mean signal quality in these patients did not differ significantly from other patients (5.1 vs 5.24, P¼0.78). The percentage difference between data pairs is described in Figure 2 . The mean percentage difference was 19 (IQR 6 -31) and was .30% in 63 (25%) pairs.
Tracked changes in CO are shown in Figure 3 . When a change in a patient's CO was detected by the PAC, 50% of the time, there was a change in the same direction and of a magnitude within +15% measured by the supra-sternal Doppler. In total, 62% of the changes measured were in the same direction and 65% of changes measured by supra-sternal Doppler were within +15% of that measured by PAC.
There were 13 comparisons in nine patients where the difference in CO between the two methods was .3 litre min
. Mean body surface area of the patients involved was 1.99 m 2 , age 62 yr, and APACHE III 11. The mean PAC CO was 6.0 litre min 21 (range 3.24 -10.1), perhaps indicating that this is more likely to occur at high COs. All but two readings occurred while on GTN infusions. The poor readings occurred at random in the sequence of comparisons on each patient (1st once, 2nd four times, 3rd three times, 4th twice, 5th twice, and 6th once). Four readings were from the aortic valve and nine from the pulmonary. All of the nine patients were post-thoracotomy.
Discussion
A difference of +30% in CO measurements between methods has been recommended as the basis for accepting or rejecting a method of CO monitoring. 12 The percentage difference for each set of paired data was calculated to overcome any relationship between the magnitude of the CO and the size of the difference between the two methods. In this study, the mean percentage difference (IQR) of 19% (6 -31) would appear quite an acceptable result.
However, the LOA preclude our acceptance of the supra-sternal Doppler as an alternative to thermodilution CO measurement in our patients. Our LOA (+2.92 litre min
21
) are considerably larger than earlier reports of the supra-sternal Doppler (+1.08 to +1.98 litre min
). 10 15 In contrast, our findings are more consistent with a more recent study that reported an LOA of +2.87 litre min 21 for the aortic valve and +3.14 litre min 21 for the pulmonary valve. 11 An examination of the scattergram of percentage difference vs CO reveals several examples where the percentage difference was 60 -80%, several of which occurred in patients with low CO states (3 -4 litre min
). The ability to follow changes in CO is fundamental to the success or otherwise of these monitors. Our findings of 50% of changes being both in the same direction and of the same magnitude are consistent with 56% reported by McGee and colleagues for the Vigileo/Flo Trac. However, we had a smaller proportion overall in the same direction (62 vs 95%).
14 The 50% success rate for both direction and magnitude seems acceptable without objective criteria, but the 62% rate for change in the same direction is low.
The body of literature on the supra-sternal Doppler monitor is expanding. Chand and colleagues 10 reported that the LOA for the pulmonary valve were better than the aortic valve. Our findings do not support this with an LOA of +3.10 litre min 21 for the pulmonary compared with +2.65 litre min 21 for the aortic valve. However, our findings are supported by Van den Oever and colleagues. 11 This study has a number of important limitations. First, the preponderance of cardiac surgery cases limits the external validity of the findings in other patient groups. Secondly, the SD of our thermodilution measurements was 1.4 litre min 21 or 25%. Typically, this has been reported Comparison of USCOM with PAC in the 10-20% range. The increased variability in our reference method could allow the supra-sternal Doppler to appear more reliable than it truly is. The increased variability likely reflects the realities of an operational ICU. Thirdly, the comparison with thermodilution should not be the sole method for determining whether a new method of CO monitoring is acceptable. There are many welldocumented problems with using the PAC as a standard. 16 The strengths of the supra-sternal Doppler are that it lacks side-effects or complications, is easy to use, and gives repeatable readings. 8 9 However, it is possible that the suprasternal approach (aortic valve view) may not be well tolerated by breathless patients. Other forms of noninvasive CO monitoring such as transthoracic electric bioimpedance and transoesophageal Doppler have also had similarly mixed results when compared with the PAC. For these reasons, further evaluation of the supra-sternal Doppler monitor and similar technologies should include examination of their impact on patient care and outcomes and also looking for novel or niche uses where there are few alternatives, such as ED or pre-hospital.
Conclusion
Supra-sternal Doppler appears to have poor agreement with the PAC in our group of patients. The clinical evaluation of the supra-sternal Doppler CO monitor should proceed to include the impact of the monitor on patient care and patient outcomes.
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